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Abstract
InGaN p–i–n homojunction structures were grown by metal-organic chemical vapor
deposition, and solar cells with different p-contact schemes were fabricated. X-ray diffraction
measurements demonstrated that the epitaxial layers have a high crystalline quality. Solar cells
with semitransparent p-contact exhibited a fill factor (FF) of 69.4%, an open-circuit voltage
(Voc) of 2.24 V and an external quantum efficiency (EQE) of 41.0%. On the other hand,
devices with grid p-contact showed the corresponding values of 57.6%, 2.36 V, 47.9% and a
higher power density. These results indicate that significant photo-responses can be achieved
in InGaN p–i–n solar cells.
(Some figures in this article are in colour only in the electronic version)
1. Introduction
Solar energy is extensively studied as an endless, reliable and
safe energy source. It is particularly important to increase the
photovoltaic (PV) conversion efficiency from the viewpoints
of both basic science and practical applications. Up to now,
efficiency over 40% has been achieved in GaInP/GaInAs/Ge
and Ga0.51In0.49P/In0.04Ga0.96As/In0.37Ga0.63As triple-junction
concentrator solar cells [1, 2]. However, in order to further
increase the efficiency of solar cells, wide band gap materials
such as III-nitrides may be important [3]. This is because the
band gap of InxGa1−xN covers a wide spectrum range, from
0.65 to 3.4 eV [4–6], which offers an opportunity of fabricating
high-efficiency solar cells by absorbing the entire sun spectrum
based solely on GaN-based materials. InGaN alloys have a
high absorption coefficient of approximately 105 cm−1 at the
band edge [7], and the band structure is characterized by direct
gaps for any In content. As a result, InGaN alloys with a length
of a few hundred nanometers can absorb a substantial fraction
of the incident light. The theoretical study also indicated the
potential of InGaN alloys in high-efficiency PV devices [8]. In
addition, III-nitrides also demonstrated many other favorable
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photovoltaic properties such as low effective mass of carriers,
high mobility [9] and superior high-energy radiation resistance
[10]. Up to now, only a few studies on III-nitride solar cells
have been reported [11–14]. Jani et al [11] and Neufeld et al
[12] fabricated GaN/InGaN p–i–n heterojunctions solar cells
and achieved peak external quantum efficiencies (EQEs) of
43% and 63%, respectively. However, heterojunction may
cause poor quality of InGaN for future practical application
due to the large lattice mismatch between GaN and InGaN [15],
especially for full-spectrum-response devices in which higher
In content is necessary. Therefore, it is important to develop
InGaN solar cells with homojunction structures. Yang et al
[13] have investigated p–n homojunction InGaN PV devices.
However, the obtained open-circuit voltage (Voc), 0.43 V, was
much lower than that expected from the band gap. Chen et al
[14] have fabricated InGaN p–i–n homojunction solar cells. In
their work, however, it was difficult to determine the turn-on
voltage and output power due to the big leakage current arising
from the defects of InGaN. In this study, we successfully
developed low-In content InGaN p–i–n homojunction solar
cells with high Voc and quantum efficiencies. The result
suggests the high potential of obtaining high-efficiency InGaN
PV cells.
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Figure 1. Structure of the InGaN p–i–n solar cell (a) with Ni/Au
(5/5 nm) semitransparent p-contact (b) and grid p-contact (c).
2. Experiment
The III-nitride epitaxial layers were grown on (0 0 0 1) sapphire
substrates using a Thomas Swan low-pressure metal-organic
chemical vapor deposition (MOCVD) system. The grown
layer structure is shown in figure 1(a). First, a 2 μm Si-doped
n-GaN layer was grown at 1040 ◦C on a 25 nm low-temperature
GaN buffer layer. Then the temperature was lowered to 800 ◦C
to grow the major absorption region consisting of 200 nm Si-
doped n-InGaN, 150 nm undoped i-InGaN and 50 nm Mg-
doped p-InGaN layers. Finally, a 20 nm Mg-doped p-GaN
layer was deposited at 940 ◦C. After the growth, the sample was
annealed at 800 ◦C for 20 min in N2 to activate the Mg dopant.
According to the growth condition, the hole concentration in
p-GaN and p-InGaN layers was estimated to be approximately
1017 cm−3 and the electron concentration in n-GaN and n-
InGaN layers to be approximately 1018 cm−3. The p-GaN
has a wider band gap and is expected to form an electronic
barrier at the p-InGaN/p-GaN interface. Therefore, it is also
of benefit in keeping the electrons generated in p-InGaN away
from the p-type ohmic contact and then making contribution
to the light-generated current. For an absorption coefficient of
105 cm−1 with photon energy greater than the band gap [7],
it is understood that more than 98% of the incident light can
be absorbed in a 400 nm InGaN layer. Two schemes for the
p-contact were adopted: one is with a semitransparent current
spreading layer (figure 1(b)) and the other is a back-to-back
grid contact (figure 1(c)) with a finger width of 5 μm and a
finger period of 50 μm. The area shaded by the grid lines is
10% of the optical window.
Mesa fabrication to isolate each device and to expose
the n-GaN for n-contact was performed using an inductively
coupled plasma (ICP) etching system. For n-type ohmic
contact, Ti/Al/Au (20/20/200 nm) layers were deposited
on n-GaN and then annealed at 800 ◦C for 3 min in N2
atmosphere. Then semitransparent and grid p-contact was
formed by evaporation of Ni/Au (5/5 nm) layers on p-GaN
and subsequent annealing at 500 ◦C in O2 for 15 min. Finally,
Figure 2. (0 0 0 2) Reflection ω–2θ x-ray diffraction scan of the
InGaN solar cell structure with an In composition of 0.02.
thick Ni/Au (30/80 nm) layers were deposited and annealed
at 500 ◦C in N2 for 1 min to form a p-type electrode on the
semitransparent contact layer. The sizes of the solar cells were
designed to be 1 × 1 mm2 and no antireflective coating was
used.
The typical current–voltage characteristics of InGaN solar
cells were measured using a Keithley 2410 source meter and
a Keithley 6514 electrometer system. The devices were
illuminated by a Xe lamp. Light was dispersed through an
Acton monochrometer with a 2400 g mm−1 UV-optimized
grating and focused on the solar cells to measure the quantum
efficiencies. The incident light power was calibrated by an
UV-enhanced silicon photodetector at wavelengths from 200
to 400 nm.
3. Result and discussion
Figure 2 shows the (0 0 0 2) ω–2θ scanning curve measured
using an X’Pert high-resolution x-ray diffractometer. The In
content in the InGaN layer was estimated to be 0.02, which
corresponds to a band gap of 3.3 eV (375 nm). Full widths
at half maximum for GaN at 2θ = 34.56◦ and InGaN at 2θ =
34.49◦ are 42.8 arcsec and 133.4 arcsec, respectively, which
clearly indicate that the epitaxial layers are of high crystalline
quality.
Figure 3 shows the current density–voltage (J–V) and
power density–voltage (P–V) characteristics for the solar cells
with semitransparent p-contact (a) and grid p-contact (b),
respectively. Devices with semitransparent contact exhibit
a Voc of 2.24 V and a short circuit current density (Jsc) of
1.36 mA cm−2. On the other hand, devices with grid
contact show a Voc of 2.36 V and a Jsc of 1.71 mA cm−2,
increased 5% and 26% respectively, compared with the
devices with semitransparent contact. By parallel experiments,
the transmittance of the Ni/Au semitransparent layer was
measured to be about 60% and the reflectance of air–GaN
interface to be about 15% (transmittance is 85%) for light
wavelengths less than 375 nm. The p-contact of devices with
semitransparent contact is Ni/Au layer on the entire surface,
and thus these devices can absorb approximately 60% of the
incident light. For the devices with grid contact, the area
of semitransparent grid lines is 10% of the optical window.
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Figure 3. Typical J–V and P–V curves for InGaN p–i–n solar cells
with semitransparent p-contact (a) and grid p-contact (b).
Taking into account the absorption of grid lines and the
reflection at the surface of p-GaN, the fraction of the light
absorbed by these devices is about 83% (10% ∗ 60% + (100–
10)% ∗ 85%). This means that there is a 38% increase of
the light power reaching the absorption region for the devices
with grid contact, compared with devices with semitransparent
contact, and we then expected an increase of nearly the same
magnitude in Jsc. However, the observed 26% increase in
Jsc for the devices with grid contact is much lower, which
is currently attributed to the larger series resistance of these
devices. This larger resistance may be caused by the transverse
flow of current in p-GaN to the grids with a spacing of 45 μm.
For the devices with semitransparent contact, however, the
current just flows vertically through the 20 nm p-GaN to the
Ni/Au layers, which result in a smaller resistance.
Comparison of results measured under the same light
density for InGaN solar cells with different p-contact schemes
is summarized in table 1. As can be seen from the table, devices
with semitransparent contact have a high fill factor (FF) of
69.4% while the devices with grid contact have a smaller
FF of 57.6%. This reduction of the FF value is currently
attributed to the large resistance which may deteriorate the
J–V performance of devices with grid contact, as can be seen
from the shape of the J–V curve. The effect of series resistance
on the J–V characteristics of a solar cell has been discussed
in [16]. However, it should be noted that devices with grid
Table 1. Parameters for InGaN solar cells with different p-contact schemes.
P-contact scheme Voc (V) Jsc (mA cm−2) Pmax (mW cm−2) FF (%) Peak EQE (%)
Semitransparent 2.24 1.36 2.12 69.4 41.0
Grid 2.36 1.71 2.32 57.6 47.9
Figure 4. External and internal quantum efficiencies for InGaN
solar cells with semitransparent p-contact and grid p-contact.
contact exhibit a higher maximum output power density (Pmax)
of 2.32 mW cm−2, compared with 2.12 mW cm−2 of devices
with semitransparent contact.
Figure 4 shows the measured external quantum efficiency
(EQE, ηe) and the internal quantum efficiency (IQE, ηi)
plotted against the incident photon energy for InGaN solar
cells with different p-contact schemes. Devices with grid and
semitransparent contact demonstrate high peak ηe of 47.9%
and 41.0%, respectively, at 3.4 eV (365 nm). The lower ηe
for devices with semitransparent contact is considered to be
due to the larger light absorption and reflection of the metal.
Absorption and reflection of the Ni/Au semitransparent layer
is the major loss mechanism of the incident light for devices
with semitransparent contact, so the peak ηi of 65.7% can be
obtained using the following equation: ηi = ηe/T (λ), where
T (λ) is the transparency of the semitransparent layer and has
a value of 62.4% at 365 nm. However, for the devices with
grid contact, the major loss mechanisms include reflection
at the p-GaN surface and absorption of grid lines, and the
peak ηi of 58.3% has been calculated from the equation
ηi = ηe/[S × T (λ) + (1 − S)(1 − R(λ))], where S with a
value of 10% is the fraction of the optical window shaded
by the contact grid, R(λ) is the reflectivity for the air–GaN
interface and has a value of 15.7% at 365 nm. The ηi of
devices with grid contact is lower than that of devices with
semitransparent contact due to a large resistance as discussed
above. In the estimation of ηi , we did not take into account the
incomplete light absorption of InGaN layers. Therefore, the
actual ηi might be even higher. As can be seen from figure 4,
the ηe decreases slightly with increasing photon energy due to
the absorption loss in the p-GaN and p-InGaN layers. Even so,
devices with grid contact still have a high ηe of 35.1% when
photon energy increases to 3.8 eV, indicating a wide spectral
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response. The distinct drop in quantum efficiencies at 3.3 eV
corresponds to the absorption edge of InGaN.
4. Summary
We reported on InGaN p–i–n homojunction solar cells which
showed substantial photo-response. Solar cells with both
kinds of p-contact schemes, semitransparent and grid contacts,
demonstrated high Voc’s greater than 2.2 V and EQEs greater
than 40% under Xe lamp illumination. Devices with
semitransparent p-contact exhibited a FF as high as 69.4%,
indicating excellent solar cell performance. By using grid
p-contact, we obtained a relatively smaller FF due to the
larger resistance. However, devices with grid contact showed
a higher power density, which indicated that more incident
light can be absorbed and then converted into electric energy,
compared with devices with semitransparent contact. The
present work could be a significant step for further design and
fabrication of InGaN solar cells in the future.
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